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摘   要 
 
高抗硫抗氮性加氢裂化催化剂的研发是当今催化领域普遍关注的热点问题
之一。针对现阶段常用的几种加氢裂化催化剂存在的问题，本文拟研究单金属镍 
及双金属镍钴负载型含杂多酸加氢裂化催化剂的基本特征与催化性能。 
本文主要研究内容涉及制备方法、金属含量和杂多酸负载量对催化剂性质和
性能的影响规律。利用BET、XRD、H2-TPR、H2-TPD、NH3-TPD、红外吡啶吸
附、红外光谱、XPS和Raman等谱学表征手段，对催化剂进行表征，研究催化剂
物相结构、物化性质与催化性能之间的关系，探讨催化剂的酸功能与加氢能力间
的匹配与关系，考查该新型催化剂可能的活性相结构，了解影响催化剂性质与性
能的主要因素，从而指导此类催化剂的进一步研究开发。主要结果归纳如下： 
1. 还原态的催化剂，无论是负载杂多酸镍基催化剂还是作为参比的工业催化
剂，其正癸烷转化率及C5+液态烃选择性率都高于硫化态催化剂，这一现象
与还原态催化剂的加氢能力较强有关。 
2. Keggin型磷钨酸(HPW)，作为一种“绿色”的固体酸催化剂，由于其自身拥
有的独特结构与由此具备“准液相”行为和多功能(强氧化性、光、电、催
化)等优点，本文将其引入加氢裂化催化剂中，作为酸性组分。对比研究了
负载磷钨酸镍基催化剂与同质量比例的WO3-P2O5-NiO-SiO2催化剂体系的性
质和性能，结果表明负载杂多酸加氢裂化催化剂的优良性能与HPW独特的结
构密切相关。 
3. 运用各种仪器分析方法，对新型Ni-HPW加氢裂化催化剂性质进行表征，初
步揭示了该催化剂具有高活性和强抗硫抗氮性能的原因。研究结果表明，催
化剂上的金属组分Ni与酸组分HPW之间存在着强相互作用，这种作用导致：
(1) 催化剂的酸性位数量显著增加；(2) 催化剂上氢的吸附量也大幅度提高。
通过分析催化剂的多种表征结果，对Ni-HPW催化剂的优良性能提出如下解
释：还原后催化剂在正癸烷加氢裂化过程中，由于气相H2分子和还原态Ni0
的存在，产生了活泼的氢原子H· ，此氢物种局部浓度较高时可以溢流到HPW
物相，并与质子H+结合生成热力学上较为稳定的Hn+物种。因此，催化剂HPW
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表面上存在着平衡关系： 
Hn+           H+ + (n-1) H·  
Hn+浓度较高时，H· 浓度也随之提高。当H· 浓度高至一定值时，可以逆向
溢流至Ni0中心，从而在整个催化剂表面形成活泼氢H· 保护层。由于上述平
衡关系的存在，造成Hn+既有酸功能(由H+提供)，又有加氢功能(由H· 提供)，
从而加速了正癸烷的加氢裂化反应。此外，由于活泼氢保护层的存在，可以
消耗掉催化剂的毒物——噻吩和吡啶，使得Ni-HPW催化剂的抗硫抗氮性能
明显提升。总之，上述新催化剂的优良性能主要缘于大量质子H+的存在，而
大量H+的产生又根植于HPW的独特结构。 
4. 在 Ni-HPW 催化剂上，添加 Co 研制了 Ni-Co-HPW 双金属加氢裂化催化剂；
当 Co 含量适量时，可起到提升催化剂活性的作用。综合多种催化剂表征结
果，对 Co 的促进机制形成如下认识。适量的 Co(比如 1%)加到 5% Ni-50% 
HPW/SiO2 催化剂后，可以在催化剂表面上良好分散，并与 Ni 及 HPW 发生
相互作用，从而削弱了 Ni 与 HPW 的强相互作用，使得 Ni 组分较易还原，
并在催化剂表面上形成较多的可吸附解离 H2 的 Ni0 物相。由此导致：(1) 催
化剂低温吸附氢量和总吸附氢量明显增加；(2) 催化剂催化加氢能力和加氢
裂化活性提高。但是，当 Co 加入量过多(比如 2%或 3%)时，Co 组分将较多
地以 Co3O4 形态存在，未能高度分散，从而削弱 Ni 与 HPW 强相互作用的
正面效应减弱，而 Co 组分本身占据部分催化剂表面，将使表面的 Ni 物种
包括还原态 Ni0 减少，使双金属催化剂的吸附氢和催化加氢能力低于
5%Ni-50% HPW/SiO2 催化剂，即过多 Co 的添加反而起到反面作用。这就是
一般助剂的特性，即加入量应适中。 
5. 给出了加氢裂化催化剂抗硫性的数学式定义 
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分析了各种因素特别是催化剂表面性质对抗硫性的影响，着重强调表面吸
附氢浓度及活泼程度对抗硫性的提升作用。 
6. 初步分析了温度、压力、氢油比、空速等反应条件对加氢裂化反应产物分
布的影响，并通过考察反应产物的分布特征，对本实验体系中正癸烷加氢
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裂化反应机理进行初步探索。 
7. 为了定量描述加氢裂化反应中酸功能与加氢功能间的匹配性，本论文依据
占主导地位的正碳离子机理，对上述复杂的机理网络进行简化，抽象其基
本的特征，提出如下二步式“特征反应”历程： 
C10H22 + H+           C10+H21 + 2H·  
 
(C10H21)+ + 4H·           CXH2X+2 + C10-XH22-2X + H+  
(其中H+和H· 分别由催化剂的酸性位和加氢中心所提供) 
由此历程出发，通过构造性证明，推导出反应速率方程， 终得出衡量催
化剂酸功能的质子酸浓度[Hm+]与加氢功能的表面氢原子浓度[Hm·] 佳匹
配的关系式： 
[ ] [ ]( ) [ ] [ ] [ ] [ ]( )[ ] [ ] [ ]( )[ ]⋅⋅⋅+⋅⋅
⋅⋅⋅−⋅⋅⋅⋅+⋅⋅
=
−−++−
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讨论各种特殊情况下的[Hm+]~[Hm·]曲线特征，并以此说明了有关实验结果。 
 
关键词：加氢裂化，正癸烷，杂多酸，氢溢流，催化剂。  
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Extended Abstract 
 
The hydrocracking which ensures the elimination of sulfur and 
nitrogen-containing compounds as well as a deep saturation of aromatics will be more 
and more important in the near future. The aim of our present work is to develop new 
hydrocracking catalysts composed of HPW as acid sites and Ni and/or Co as the metal 
sites. 
This dissertation focuses on the preparations of catalysts with the optimized 
quantities of metal and HPW and the analysis of the structure-activity relationship. To 
analysis the structure-activity relationship, the balance between the acidity and the 
hydro-dehydrogenation, the mechanism of the hydrocracking of decane and the 
tolerance of the catalysts to the sulfur and nitrogen compounds, we performed XRD, 
BET, Raman, H2-TPD, H2-TPR, NH3-TPD, FT-IR and FT-IR of pyridine adsorption 
characterizations for the catalysts. The results obtained were summarized as follows. 
1. The results show that reduced catalysts exhibit higher activity than sulfided 
catalysts, which can be attributed to better hydro-dehydrogenation function of the 
reduced catalysts. 
2. The Keggin type heteropoly acids, environmentally friendly solid acids catalysts, 
which offer several advantages in terms of catalytic performance just as strong 
acidity, “simulative liquid phase” and redox sites, have been used as the acid sites 
for hydrocracking in our research. HPW is one polyoxotungstate made up of 
heteropoly anions having a basic structural unit of metal–oxygen octahedra. In our 
dissertation, Ni-HPW/supports catalysts exhibit better n-decane hydrocracking 
activity than that of catalysts with the same amount of the WO3-P2O5-NiO-SiO2. 
The characteristic results show that the high activity of the catalysts can be 
attribute to the unique structure of the H3PW12O40. 
3. In order to reveal the structure and nature of the catalysts and the reason that 
Ni-HPW catalysts possess a high activity for hydrocracking and display an 
excellent tolerance to the sulfur and nitrogen compounds in the feedstock, a 
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number of characterizations were carried out. There are some new Lewis acid sites 
appearing in the Ni-HPW catalysts after the loading of the nickel, which would 
probably be due to the existence of electron-deficient metal sites which exhibit 
great Lewis acidity as a result of the interaction between the metal sites and the 
acid sites. Moreover the amount of H2 desorbed on the catalysts is also increasing 
after the doping of the HPW. Thus, according to our experiments results, we have 
suggested the following mechanism for the exceptional performance of our 
catalysts. The elemental Ni can dissociate molecule hydrogen to highly reactive 
hydrogen species H·. The hydrogen species H· can spill over onto the HPW and 
support and easily react with the proton on the HPW to form comparatively stably 
hydrogen species, just as Hn+, when the concentration of  species H· on the 
catalysts’ is high. Thus, the species Hn+ can not only act as acid sites but also act as 
the hydro-dehydrogenation sites. It seems that there is a equilibrium appearing on 
the catalysts’ surface, that is  
Hn+            H+ + (n-1) H· 
During the increasing of the concentration of species Hn+ on the catalysts’ surface, 
the reactive hydrogen species H· can reverse spill over back to the Ni0 sites 
which is the source of the original spillover. This process can form a reactive 
hydrogen species layer covering on the catalysts’ surface. Owing to the existence 
of reactive hydrogen layer covering, the catalysts’ surface can remain clean and 
the resistance to the sulfur and nitrogen compounds of catalysts for 
hydrocracking will be enhanced. 
4. The 5% Ni-1% Co-50% HPW/SiO2 exhibits the highest activity for hydrocraking 
and excellent resistance to sulfur and nitrogen compounds in the feedstocks. The 
excess amount of Cobalt would decrease the activity of monometallic catalyst. 
Moreover the 5% Co-50% HPW/SiO2 displays very low hydrocracking activity. 
According to our studies, we can explain it as follow, the suitable amount of Co 
(1%) can weaken the strong interaction between HPW and support. Thus the Ni 
species can easier be reduced to Ni0 which can improve the the amount of H2 
desorbed on the catalysts, the hydro-dehydrogenation function and hydrocracking 
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activity. However, after the excessive Co (3%) adding into the catalyst, some 
nickel species on the catalyst surface were covered by excess cobalt which will 
easily result in the decreasing of the activity of bimetallic catalysts. 
5. This dissertation provides a mathematical expression of sulfur toleration of the 
catalysts for hydrocracking of decane. 
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The influence of various factors, especially, of the surface properties of the 
catalysts on sulfur toleration was discussed; meanwhile, different explanations 
on sulfur toleration for hydrogenation catalysts in literatures were included in 
this equation. Particularly, the advancement in sulfur toleration caused by 
increasing the concentration and the active degree of hydrogen-adsorbed on the 
surface of the catalysts was emphasized. 
6. To investigate the influence of the temperature, pressure, LHSV, and H2/Decane 
ratio to the distribution of hydrocracking products. Moreover, a pilot study, which 
is trying to know the mechanisms of n-decane hydrocracking on our catalysts’ 
system, has been done in this dissertation. 
7. Based on the “ideal” classic bifunctional hydrocracking of decane, this study 
simplifies the catalytic process during the hydrocracking and then abstracts 
formulas to indicate the the balance between the acidity and 
hydro-dehyodrogenation function of the catalysts quantificationally, as follows: 
C10H22 + H+           C10+H21 + 2H·  
 
(C10H21)+ + 4H·           CXH2X+2 + C10-XH22-2X + H+ 
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Keywords: Hydrocracking, n-Decane, Heteropoly acids, Hydrogen spillover, 
catalysts. 
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